Artemisinin-resistant Plasmodium falciparum malaria has been documented in southeast Asia and may already be spreading in that region. Molecular markers are important tools for monitoring the spread of antimalarial drug resistance. Recently, single-nucleotide polymorphisms (SNPs) in the PF3D7_1343700 kelch propeller (K13-propeller) domain were shown to be associated with artemisinin resistance in vivo and in vitro. The prevalence and role of K13propeller mutations are poorly known in sub-Saharan Africa. K13-propeller mutations were genotyped by direct sequencing of nested polymerase chain reaction (PCR) amplicons from dried blood spots of pre-treatment falciparum malaria infections collected before and after the use of artemisinin-based combination therapy (ACT) as first-line therapy in Mali. Although K13-propeller mutations previously associated with delayed parasite clearance in Cambodia were not identified, 26 K13-propeller mutations were identified in both recent samples and pre-ACT infections. Parasite clearance time was comparable between infections with non-synonymous K13-propeller mutations and infections with the reference allele. These findings suggest that K13-propeller mutations are present in artemisinin-sensitive parasites and that they preceded the wide use of ACTs in Mali.
INTRODUCTION
In Sub-Saharan African countries, such as Mali, the firstline treatments for uncomplicated falciparum malaria are artemisinin-based combination therapies (ACTs). 1 The recent evidence of emerging resistance to artemisinin derivatives, including ACTs, in southeast Asia raises serious concern that such parasite populations may spread toward Africa, mirroring parasite resistance to chloroquine, 2 sulfadoxine, and pyrimethamine. 3 Recently, mutations in the PF3D7_1343700 kelch propeller (K13-propeller) domain were shown to be useful markers of delayed parasite clearance in surveillance for artemisinin resistance in southeast Asia. 4 The Plasmodium falciparum K13-propeller domain (PF3D7_1343700) is a 727-amino acid protein encoded by a gene located on chromosome 13. 5 Kelch domain-containing proteins are observed in many cellular compartments of different organisms and have many functions involving protein-protein interactions. 6 Little is known about the function of this protein in P. falciparum. Among 17 single K13-propeller mutations observed in Cambodia, 3 (C580Y, R539T, and Y493H) mutations were most associated with slow-clearing parasites in patients treated with ACTs. 4 The prevalence of these molecular markers is poorly known in sub-Saharan Africa. Taking into consideration the critical importance of artemisinin-based combinations in the control and elimination of malaria in these regions, it is of urgent need to understand if K13-propeller mutations associated with delayed parasite clearance are already circulating. Previ-ously, we reported that artesunate was highly efficacious in Bougoula-Hameau, Mali, with a median parasite clearance half-life of 2.07 hours; all study participants cleared their parasitemia by 72 hours. 7 The main objective of this study was to measure the prevalence of P. falciparum K13-propeller polymorphisms in present-day artemisinin-sensitive parasite collected in Bougoula-Hameau and malaria infections that occurred before the scaling up of ACTs in Mali to detect any impact of the implementation of these therapies on the biodiversity of this gene.
MATERIALS AND METHODS
Samples origin. To measure the prevalence of K13-propeller mutations in Mali, we genotyped 90 samples collected before drug treatment on day 0 of a prospective artesunate monotherapy efficacy study conducted in Bougoula-Hameau, Mali from December of 2010 to February of 2011. 7 Of these samples, 55 dried blood spots were also assessed for single-nucleotide polymorphisms (SNPs) at Mal10-688956 and Mal13-1718319 loci, which were previously suggested as candidate markers of artemisinin resistance 8 ; 36 samples collected during malaria studies conducted between 2003 and 2005 in Bougoula-Hameau and 86 samples collected between 1999 and 2002 in Bandiagara were also used to measure the prevalence of K13propeller mutations in the region before ACTs were recommended as the first-line treatment of uncomplicated malaria in Mali. In Bougoula-Hameau, parasite clearance time (PCT) was estimated as previously described. 7 Briefly, thick and thin blood smears were examined for asexual and sexual parasites after staining with 5% Giemsa every 8 hours starting immediately before the first oral dose of artesunate monotherapy until three consecutive slides were negative for asexual parasites. Slides were also prepared on follow-up days 2, 3, 7, 14, 21, and 28. Blood smears were read by two trained microscopists according to World Health Organization (WHO) standard procedures. Species discrepancies were resolved by a third microscopist. Parasite density discrepancies of 50% were resolved by averaging of a third microscopist's result and the closer of the two original results. Parasite density was estimated by counting the number of asexual parasites per 200 leukocytes and multiplying by 40 (assuming 8,000 leukocytes/μL). 7 The study was approved by the Ethics Committee of the Faculty of Medicine and Odontostomatology and Faculty of Pharmacy of the University of Science, Techniques and Technologies of Bamako.
Procedures. Parasite DNA extracted from dried blood spots was subjected to nested polymerase chain reaction (PCR) followed by direct sequencing of the portion of K13 propeller encoding the propeller domain. DNA was extracted from dried blood spots using the Qiagen DNA Blood Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's recommendations. A nested PCR strategy based on previously published protocols 4 was used to amplify a final 850-base pair product (primer sequences and conditions are in Supplemental  Table 1 ). PCR products were purified using filter plates (Edge Biosystems, Gaithersburg, MD) and directly sequenced as described by Ouattara and others 9 (Supplemental Table 1 ).
For genotyping Mal10-688956 and Mal13-1718319, DNA was extracted using the BloodPrep Chemistry on an ABI PRISM 6100 Nucleic Acid PrepStation (Applied Biosystems, Fresno, CA) according to an established protocol. 10 SNPs were genotyped by pyrosequencing using a PyroMark ID according to the recommendations of the manufacturer. Primer sequences and conditions are in Supplemental Table 1 .
Statistical analysis. The output sequence data were assembled, edited, and aligned using the Sequencher v.5.0 suit (Gene Codes Corporation, Ann Arbor, MI). Mutations were assessed by comparing each sequence with the 3D7 reference (PF13_0238), with haplotypes defined as a combination of amino acids across 850 base pairs.
For the 2010-2011 study, parasite clearance slope half-life was calculated using the Worldwide Antimalarial Resistance Network parasite clearance estimator (www.wwarn.org). The time in hours for parasitemia to be reduced by 99% of its initial value (PCT99) was normally distributed, whereas the time in hours for parasitemia to be reduced by 50% of its initial value (PCT50) distribution was skewed. A parametric t test was used to compare the normally distributed variable (PC99), whereas a non-parametric Wilcoxon rank sum test was used to compare the wild type and the mutant parasites group for the nonnormally distributed parasite clearance slope half-life. 4 Amino acids in green were identified in this study dataset. *A mutation in Mali at the same position as a mutation described in the work by Ariey and others 4 but with a different amino acid present.
RESULTS
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propeller, we identified 26 haplotypes (Figure 1 ). Other than the 3D7 reference, all but one of the remaining 25 haplotypes were observed only one time in the dataset (the haplotype containing the F446I mutation was observed in two different samples from Bandiagara). Two samples contained more than one K13-propeller mutation, likely representing multiple parasite clones within the infection; all other infections contained one or no K13-propeller mutations. The 3D7 haplotype prevalence was 89.7% (N = 87) in Bougoula-Hameau in 2011, 77.8% (N = 36) in Bougoula-Hameau in 2003-2005 (P = 0.08), and 94.2% in Bandiagara in 1999-2002 ( Figure 2) . Apart from the reference 3D7, none of the haplotypes observed during the pre-ACT years were found in 2011 samples.
Slope half-lives and PC99 were only available for 87 samples from the Bougoula-Hameau 2010 and 2011 study, where parasitemia was measured every 8 hours. 7 Nine of these samples had a non-synonymous SNP in the K13-propeller domain; 78 were wild type. The means of slope half-lives of the mutant and wild-type infections were similar (Wilcoxon rank sum test, P = 0.32) ( Figure 3A) . The mean of PC99 was 20.6 in the infections with mutant K13 propeller and 17.9 in those with the wild-type allele (t test, P = 0.09) ( Figure 3B ).
The analysis of the 55 DBS for the Mal10-688956 and Mal13-1718319 SNPs showed that all infections were wild type (3D7) for Mal10-688956 (T) and Mal13-1718319 (A) alleles.
DISCUSSION
We showed a low prevalence of several novel K13-propeller mutations in Mali, where delayed parasite clearance caused by artemisinin resistance has not been reported. A recent study in Cambodia reported three K13-propeller alleles that were associated with increase malaria parasite resistance to artemisininbased drugs. 4 Furthermore, Ashley and others 11 showed that artemisinin resistance has now reached eastern Myanmar, western Cambodia and Thailand, and southern Vietnam and is emerging in southern Laos and northeastern Cambodia. Multiple K13-propeller SNPs have been shown to be predictive of delayed parasite clearance, 4,12 but none of these alleles were found in samples collected in this high malaria transmission region of Mali. Mean slope half-life of parasites carrying K13propeller SNPs was comparable with that of parasites with the reference allele. However, there was a trend toward longer PC99 in parasites with K13-propeller mutations versus those with the reference allele, although the difference did not reach statistical significance. Similar analyses involving larger sample sizes are required to further clarify the role of these novel mutations in in vivo parasite clearance in sub-Saharan Africa.
All mutations observed in this study were found within six kelch domains of the protein (K13 propeller), which is hypothesized to be the region of the protein associated with prolonged parasite clearance. 11 Interestingly, two haplotypes contained mutations in the same position as mutations observed in Cambodia but had different amino acids present (i.e., G449S and D584N). In addition, mutations at positions 578 and 581 were also observed in Mali and were very close to the C580Y mutation, a key mutation associated with artemisinin resistance in Cambodia. 4, 12 A578S was also observed in Faladje, another site in western Mali, as well as four other sub-Saharan countries (i.e., Kenya; Democratic Republic of Congo; Gabon, Ghana [Kamau E and others, unpublished data]; and Uganda). 13 A578S represents the change from a non-polar toward a polar amino acid, whereas in the V581F SNP, albeit not registering a change in the non-polar (hydrophobic) nature, the presence of phenylalanine implicates the introduction of a markedly different side chain (benzene ring group). Such (simultaneous) changes might significantly alter the shape of the protein in this region. The SNPs described in this setting could be relevant as markers associated with artemisinin resistance. In vitro assessment of artemisinin resistance through the ring-stage survival assay 14 will be required to rule out resistance in these K13propeller mutants from these high transmission areas of Mali, where resistant parasites can be cleared by the immune system. It is also possible that resistance requires the presence of additional mutations at secondary loci that are not yet present in Africa but that are present in southeast Asia (i.e., K13propeller mutations are necessary but not sufficient for the manifestation of resistance). A number of K13-propeller mutations were also found in parasites collected before the introduction of ACTs in the study area, indicating that these haplotypes existed before the widespread use of artemisinins in Mali and that they may have neither been imported from Asia nor selected by artemisinin pressure in Africa. Although we cannot completely rule out the possibility of local de novo emergence of artemisinin resistance in Africa, which has been observed in some regions of southeast Asia, 12 the results of this study indicate a lack of association between K13 mutations and parasite resistance to artemisinin-based drugs in Mali. Similar observations have been made by a recent K13 genotyping study conducted in 14 African countries. 15 However, recent studies have shown a few examples of median parasite clearance half-life 5 hours in Democratic Republic of Congo and Nigeria. 11 Although factors other than parasite resistance could account for these observations, vigilant surveillance for initially low-prevalence resistance provides an important early-warning system for emerging or spreading resistance.
Our findings suggest that K13-propeller mutations may occur at low frequency, irrespective of drug selection by artemisinin treatment or possibly, on selection pressure by other drugs (e.g., chloroquine). The K13-propeller proteins have been associated with the cell's reduction and oxidation (REDOX) stress management, 16, 17 a type of effect characteristic of the action of most antimalarials on P. falciparum, including chloroquine. 18 Stress management or the effect of other drugs in selecting for K13-propeller mutations and the relevance, if any, of these K13-propeller mutations to artemisinin efficacy will require additional investigation, including genetic transformation studies. 
